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Introduction
Thermochemical conversion of biomass and waste-derived fuels for the production of heat, power and fuels used in the transportation sector are instrumental in the development of a sustainable society [1] . Biomass fuels are renewable and have the potential to be carbon dioxide neutral. The use of waste-derived material as fuel, as well as the disposal of waste by means of incineration, is expected to increase due to enforced legislation and the fact that the rate of waste generation is growing with population expansion. There are several environmental and socio economic benefits related to the above-mentioned energy carriers, but also technical challenges due to texture, chemical content and heterogeneity of the waste.
Fluidized bed reactors are well suited for thermochemical conversion of a wide range of biomass and waste fuels provided that the fuel can be given a suitable particle size. This technology is characterised by the bed which, in terms of combustion, is operated at relatively low temperatures, has a substantial heat capacity and is capable of tapping hazardous elements [2] [3] [4] [5] . The capacity of the bed material to capture trace elements can be improved by adding clay minerals and/or limestone [6] [7] [8] [9] . Further, fluidized bed reactors can handle mixes of fuels to evoke positive synergy effects with regard to the conversion process, reactor operation and emissions [10] [11] [12] . Biomass and waste derived fuels contain quite high concentrations of alkali metals, i.e. potassium and sodium. During heating, alkali metals are partly captured in the ash and partly released to the flue gas [13] . The main gaseous products pre-dicted by thermodynamic models are hydroxides (MOHs), sulphates (M 2 SO 4 ), and chlorides (MCls) where M represents either K or Na, [14] . The formation depends on the access of chlorine and sulphur [13] . Alkali metal sulphates and, in particular, alkali metal chlorides have low melting temperatures and high vapour pressures [15] . Alkali metal compounds may deposit on the superheaters located in the exit-and/or convection section of the boiler. This can cause severe deposits and blockage of the flue gas pass in addition to corrosion of the superheater tube material. Ash may also deposit on surfaces exposed to predominantly radiant heat, e.g. furnace walls, subsequently causing so-called slagging [16] .
A major problem in fluidised bed reactors for the conversion of biomass is sintering and agglomeration of bed particles, which prevent a proper fluidization and eventually result in the total collapse of the fluidised bed [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Both the terms agglomeration and sintering are used to describe the same phenomena. Sintering can be defined as the formation of bonds between particles at high temperatures [30] and is utilised in powder metallurgy in the production of items sustaining high temperature environments such as engine parts or turbine blades in steam-and gas turbines. An illustration of the high temperature sintering of a ceramic powder is shown in Fig. 1A . Agglomeration is defined as the formation of clusters of particles, i.e. agglomerates. In a fluidized bed reactor system, agglomeration and sintering of the bed material are associated with the formation of sticky coatings on bed particles. The coatings consist of multiple layers of ash or ash compounds. The inner layers appear to reflect the composition of the bed material whereas the outer layers appear to be more dependent on the ash characteristics of the fuel [17] . The formation of ash coatings and agglomeration has been subject to numerous studies and there are mechanisms suggested in the literature [17, 18, 23, 26, 27, [31] [32] [33] . An attempt to describe the agglomeration phenomena with a simplified mechanistic model can be found in [34, 35] and is used in [36] to explain the agglomeration during co-combustion of bark and rapeseed cake in a fluidized bed, Fig. 1B . This simplification lies in the division of the agglomeration process into two categories: mechanism A (see Fig 1B) in which a melt of ash is formed gluing the bed particles together [18] and mechanism B in which a reaction product is formed that connects the sand particles. Mechanism A acts on quartz particles as well as on bed particles that could be non-quartz like olivine sand or originating from blast furnace slag [37, 24] . Mechanism A is a non-reacting mechanism where the fuel ash has a composition that melts at the operating temperature of the fluidized bed and this melt becomes sticky and acts as a glue for the bed particles regardless of the composition of the bed material. The melt could be straw ash rich in silica and consist of potassium silicates or ash from rapeseed cake and then consist of potassium-calcium-phosphates, [38, 39] . Mechanism B in Fig. 1B is a reacting mechanism where the ash layer formation is initiated when: (i) gaseous, liquid and/or aerosol potassium compounds (KCl, KOH, and K 2 SO 4 ) [14] react with the quartz (SiO 2 ) bed material in (ii) combination with diffusion and/ or dissolving of calcium into the melt [17, [25] [26] [27] [28] 33, 34] where calcium can react with the melt forming calcium-potassium silicates which is non-sticky at normal operating temperatures of a fluidized bed boiler (800-900°C) burning biomass. The calcium content of the biomass thereby becomes important as in bark [24] since it can decrease the sintering process caused by the alkali metal salts. Regeneration of the quartz bed material, which replaces the coated quartz sand with fresh sand, is a commonly used strategy to avoid bed agglomeration in fluidized bed boilers [37] . Adding limestone to cover the quartz sand grains is another useful strategy that was first discovered in the project published in [38] and thoroughly analysed in [40] .
The case of operation with quartz sand (SiO 2 ) as bed material is given in reaction (R1) and (R2) exemplified with KOH and NaOH as an alkali source in gas phase alkali causes agglomeration by reacting with the quartz (mechanism B) and forming eutectic mixtures with low melting temperatures as can be seen for K Several ash elements, such as Al, Ca, Fe and Mg, and compounds are known to improve the melting behaviour of a bed material rich in alkali metal compounds, thus decreasing the agglomeration tendency of the bed. All current preventive measures are based on changing the average chemical composition of the bed material by co-firing different fuels to obtain a more favourable composition of the ash, adding sorbents to the bed or changing the bed material.
Kaolin (Al 2 O 3 Á2SiO 2 Á2H 2 O) has been identified as one of the most efficient sorbents for sequestration of potassium [37, [42] [43] [44] . Kaolin reacts with potassium containing species to form both amorphous and crystalline phases with high melting points.
Reactions (R3) and (R4) describe the formation of kalsilite (KAlSiO 4 ) and leucite (KAlSiO 6 ) found in ash from combustion of straw when kaolin was added [42] .
The presence of Fe 2 O 3 can reduce the risk of agglomeration since it reacts with alkali present in the bed according to reactions (R5) and (R6) and form eutectic mixtures with melting temperatures exceeding 1135°C [20] . The reaction makes alkali metals less available for reactions with quartz. 
Further examples of materials and elements found to increase the melting points of ash to temperatures higher than those normally encountered in fluidised bed reactors include dolomite (CaCO 3 ÁMgCO 3 ), olivine ((Mg, Fe) 2 SiO 4 ), blast-furnace slag (a byproduct of iron and steel-making with high content Si, Ca and Mg) [37, 44, 45] . The involvement of calcium and magnesium in ash compounds tends to result in a general increase of the melting temperature [42] .
The aim of this work was to investigate the composition of agglomerated material and further highlight the reasons for sintering and agglomeration during thermochemical conversion of biomass and wastes in fluidized bed reactors. Advanced thermodynamic modelling is an important tool used in the present paper in addition to investigations of samples from combustion experiments. A recent review on this topic [15] states that: ''The K 2 OCaO-SiO 2 system which is important for slagging and agglomeration in biomass combustion still needs experimental investigations to make accurate modelling possible.'' For this purpose the research boiler, the 12 MW circulating fluidised bed (CFB) boiler at Chalmers University of Technology was used in well controlled tests using various kinds of biomass and waste fuels. This in turn imposed the risk of agglomeration and even the complete collapse of the operation of the boiler due to the full development of agglomerates in the particle distributor of the boiler.
Experimental

Research boiler and operating conditions
The work presented in this paper was part of an extensive research program including combustion issues, ash sintering and alkali metal chemistry as well as investigations of super heater corrosion [5] [6] [7] . Fig. 1 shows a schematic sketch of the 12 MW CFB boiler used. The boiler was built for research purposes and has all the characteristic features of a small scale boiler for the production of heat and power. Fig. 2 shows a schematic picture of the facility. The combustion chamber (1) has a cross section of 2.25 m 2 and a height of 13.6 m. The various fuels are fed to the bottom of the bed through fuel chutes (2) . The circulating material is separated at a primary cyclone (4) and returned to the combustion chamber through the cyclone leg (24) and particle seal (9) . An external heat exchanger (10) cools the circulating material before re-entering the combustion chamber when required. The boiler (1) furnace, (2) fuel feeding to furnace, (3) wind box, (4) cyclone, (5) convection pass, (6) secondary cyclone, (7) bag house filter, (8) flue gas fan, (9) particle distributor, (10) particle cooler, (11) gasifier, (12) particle seal 1, (13) particle seal 2, (14) fuel feeding (gasifier), (15) can also be operated in gasification mode by circulating the bed material through the gasifier (11), feeding fuel to the gasifier (14, 15) and fluidizing the gasifier with steam. Primary air is introduced through air nozzles located at the bottom of the riser and secondary air 2.2 m above the bottom plate. The exhaust gas is cooled to 150°C in the convection pass before the fly ashes are separated in the secondary cyclone (16) and the textile filter (17) . Silica sand (dp = 0.3 mm) was used as bed material in all tests. The operating conditions presented in Table 1 are typical of a commercially operated CFB boiler. This means a fluidizing velocity of approx. 5 m/s in the top of the riser that leads to a proper circulation of bed material through the primary cyclone, good heat transfer of moving bed particles and an attrition of the fuel ash into fly ash. This is important if accumulation of fuel ash in the bed is to be avoided. Typical operating conditions are also proper excess air ratio (20-25% excess air) and combustion temperatures above 850°C for a residence time of more than 2 s in order to fulfill the requirements set for burning waste (within the European Union [21] ). Table 1 shows the experimental matrix. Three combustion tests are included in this work. In test case A, straw pellets produced from wheat were co-fired with biomass consisting of sawdust pressed into pellets (hereafter called wood pellets). The fuel mixture was composed of 74% wood pellets and 26% straw pellets based on mass of dry fuel. The share of straw was estimated to generate a sufficiently problematic fuel to induce sintering and bed agglomeration during the experiments and a total shut down if run for a period of one week with no regeneration of the bed material. In test B, Swedish forest residues consisting of crushed and dried bark pressed into pellets were fed to the reactor. In test C, these bark pellets were co-fired with fuel pellets produced by IcoPower in the Netherlands. This fuel is also sold under the name refuse derived fuel (RDF) and it consists of combustible matter such as paper, wood, textiles and plastic. This is sorted waste that has been crushed and pressed into pellets. The fuel mixture was com- posed of 79% bark pellets (denoted BP) and 21% RDF pellets (denoted SRF) based on a mass of dry fuel.
Experimental procedure
The ash samples investigated in this work were collected both at the bottom of the bed and from the cyclone leg. The cyclone leg position normally suffers severe agglomeration and plugging using fuels rich in alkali metals. The material agglomerated was collected from the particle seal. The bottom bed samples are denoted BB and the cyclone leg samples CL. Table 2 shows the composition of the fuel. Wood pellets (WPs) is a well-defined and high quality fuel easy to handle and process. The content of combustibles is high and the presence of alkali metals and chlorine low. Straw pellets (SPs) is a more challenging fuel to combust due to its combination of content of alkali metals chlorine and silicon. By mixing the straw with wood, the alkali loading can be kept at the same order of magnitude as when using 100% bark pellets, Table 1 . Bark pellets (BPs) contain less alkali metals and chlorine compared to straw pellets and a higher concentration of aluminium and calcium. Solid recovered fuel (SRF) is relatively dry which gives a comparably high heating value but with high content of chlorine and ash. Burning SRF also increases the loading of calcium compared to the Straw-Wood Case (A).
Fuel composition
Experimental procedure
The main element concentrations in bed materials and ash samples were determined after total dissolution by an ICP-OES analyser (Inductive Coupled Plasma equipped with an Optical Emission Spectroscopy detector). Both the presence of ash layers on the bed material particles and the distribution of elements in the ash layers were studied using scanning electron microscopy (SEM) with energy dispersive X-ray fluorescence measurements coupled set on low vacuum mode. The specimens were prepared by embedding the sample in epoxy resin and grinding the surface to expose cross-sections of a sufficient amount of representative particles. SEM micrographs were taken with a Solid State Detector in the back scattered electron mode to obtain an overview of the differences in density.
Thermodynamic equilibrium modelling
Advanced thermodynamic equilibrium modelling has become a widely used method [15, 17, 26, 45, 46, 48, 53] it is an important tool for studying high temperature processes and ash-forming elements in biomass and waste combustion and gasification [26, 41, [49] [50] [51] . The method is fast and cost effective. However, it also has some drawbacks. Thermodynamic equilibrium modelling neither accounts for physical phenomena and local conditions, nor for reaction kinetics. One major limitation is the lack of consistent databases that contain the thermodynamic data of ash compounds and phases formed during heating and combustion. It is important to consider these shortcomings when evaluating the results.
The computer program FactSage version 6.2 and the module EQUILIB were used in this study and the thermodynamic data was collected from the database FTsalt, FToxid and FACT53 [15] . The calculations were performed for temperatures from 600 to 1200°C at 1 atm. The ash-forming elements included in the model were K, Na, Ca, Mg, Fe, Al, Si, P, S, Cl together with C, H, O. As input to the model, the results of the SEM-EDX analysis on the bed particles are used which is unlike the practice in previous work by other research groups. For example, in the work by Öhman et al. [26] the ash analysis of the fuels was used as input to FactSage version 5.2. SEM-EDX analysis of coatings on bed particles was used in the study in [17] . However due to lack of thermodynamic data for the K 2 O-CaO-SiO 2 system, data from the ternary phase diagram K 2 O-CaO-SiO 2 [52] was used as a complement. Since then the FToxid database of the FactSage version 6.2 has been optimised and therefore used in the present paper for the prediction of ash chemistry and the melting behaviour of ashes within the fluidized bed environment using quartz sand as bed material.
Results
Ash forming elements
Fig . 4A-F shows the element composition determined by ICP-OES of the bed material samples taken in the bottom bed and cy- Fig. 8 . Spots 1 and 2 is the quartz particle. Spots 3-5 represent the inner ash layer, spots 7 and 8 the outer ash layer and spots 9 and 10 the border between the outer layer and the epoxy resin. Silicon and oxygen excluded in the plot. . Fig. 8 . Ash coating on the surfaces of a quartz particle in ash from the cyclone leg (test case A, straw and wood, cyclone leg sample).
clone leg for the three test cases. The result reflects the fuel ash composition in Table 2 and clearly seen in Fig. 5A-D . The bulk bed samples are dominated by Si originating from the quartz bed material. Due to reaction of ash elements with the quartz, a spectrum of elements is seen in Fig. 4A-F . The total content of alkali, i.e. the sum of K and Na, is between 5 and 7 mol-%. The most prominent difference between the sample compositions shown in Fig. 4A -F is the Ca content. In case A (wood straw) 5 mol-% of Ca was found while in the bark case B a Ca content of almost 18 mol-% was reached. The reason for this is clearly seen in Fig. 5B showing the ash forming elements for bark with a Ca concentration of almost 40 mol-%. The concentration of Cl is very low in all samples taken in the bottom bed and cyclone leg (Fig. 4A-F) since it has been released into the gas phase as alkali chlorides and hydrogen chloride (HCl). Fig. 5D shows the mole percentages of the elements selected in sintered agglomerate taken in the return leg. The composition of this sample resembles that of the cyclone leg sample taken for the wood-straw case where there is a lack of Ca to prevent agglomeration (Fig. 4A) . The agglomerate was created and built up in the cyclone leg (No. 24 Fig. 3 ) but collected on the particle distributor represented by No. 9 in Fig. 3. Fig. 6A is a picture from this location during a shutdown of the boiler caused by severe problems with agglomeration of the bed material. The agglomerated material is shown in Fig. 6B. 
Case A: wood pellets and straw pellets
Fig . 7A and B shows an example of the back scattered electron images of the samples obtained with the SEM. The bed material samples were taken from the cyclone leg (left image) and the bottom bed (right image) during combustion of wood and straw pellets (test case A). The images give an overview of a number of bed particles in each sample. Note the scale of 1 mm at the bottom corner of each image. The mean average size of the quartz sand used as bed material is 0.3 mm which fits suitably into the sizes seen in Fig. 7A and B. The ash layers around the quartz sand particles are in general sintered and denser compared to the quartz sand and are visible as a bright coating on the bed particle surface. It can be concluded that ash coatings on bed particles frequently occur when wood and straw pellets are burned in a fluidized bed boiler.
To investigate the ash layers more closely, attention was directed towards a number of particles representative for the whole ash sample. Fig. 8 shows a cross-section of such a particle coated with Fig. 10 . The calculated equilibrium compositions in each spot of the line scan (mass%). Spots 1 and 2 is the quartz particle. Spots 3-5 represent the inner ash layer, spots 7 and 8 the outer ash layer and spots 9 and 10 the border between the outer layer and the epoxy resin. an ash layer. The dark grey area is the quartz sand particle and the lighter grey coating on the particle surface is the ash layer. The black area is the epoxy resin. A close look at the ash layer shows that it is heterogeneous and a thin shell composed of denser material (inner ash layer) can be distinguished from an outer ash layer (lighter shades of grey). The quantification of elements along the line scans was obtained by EDX. The detection limit for the EDX analysis is 1% by weight. Fig. 9 shows the elemental composition at the ten positions marked reaching from the core of the quartz particle to the outer layer of the coating.
The result shows that the coating can be divided into an inner, and an outer ash layer. The inner layer is rich in K and contains Ca together with low concentrations of Mg, Na and Mn. The outer layer is rich in Ca. The concentration of Mg and Mn is increased somewhat while the amount of K is decreased.
The equilibrium composition together with the state of the composition (solid or liquid state) was modelled in each spot of the line scan. Fig. 10 shows the results at 850°C. Spots 1 and 2 represent the quartz particle, spots 3-5 the inner layer and spots 7-8 the outer ash layer of the coating. These positions (spots 7-8) are too far out in the epoxy to give representative results related to the outer ash layer. The inner layer is predicted to be composed of both solid and liquid compounds. Sodium is thermodynamically stable either as Na 2 3 . The inner layer is composed of almost 40% liquid potassium silicates (K 2 Si 4 O 9 ). The composition of the inner ash layer is likely to initiate sintering and induce agglomeration.
The dominating ash compounds in the outer layer at 850°C are, apart from SiO 2 , CaSiO 3 , CaMgSi 2 O 6 and Mn 2 O 3 . The amount of liquid K 2 Si 4 O 9 falls to only 8%, 1/5 of the value in the inner layer (spots 7 and 8). Fig. 11 shows the cross-section of two quartz particles from the cyclone leg sample collected during combustion of bark pellets. Both particles are clearly coated with ash. The differences in grey- Fig. 13 . The calculated equilibrium compositions in each of the three groups; the core of the bed particle (quartz), the inner, and the outer ash layer (wt.-%). scale suggest once more that the layer close to the particle is more dense compared to the outer layer forming a more porous layer. The crosses mark the positions where the elemental analyses were performed. The result, presented in Fig. 12 , shows that the spots can be divided into three groups based on their elemental composition: the core of the bed particle (quartz), the inner, and the outer ash layer.
Case B: bark pellets
The inner ash layer contains 5-7% K, 3-5% Ca, and high concentration of Si (not seen in Fig. 12 ). The outer layer is rich in Ca (between 25% and 30%) and generally contains lower concentration of K. The concentration of Si remains high, but decreases in favour of Ca. The mean values of the elemental composition in the three groups identified were calculated and used as input data in the thermodynamic equilibrium model. 13 shows the predicted composition at 850°C. The Ca detected in the core group is predicated to be present as CaSiO 3 . The inner layer is composed of both liquid and solid ash compounds. Potassium is present as liquid K 2 Si 4 O 9 (28%), Na as solid Na 2 Ca 3 Si 6 O 16 , and the remaining Ca as CaSiO 3 . The elevated concentration of Ca in the outer layer is predicted to be sequestered in CaSiO 3 and CaMgSi 2 O 6 , and represents more than 67%. The share of liquid alkali silicate is reduced in the outer ash layer to 18%.
The composition of the quartz core is constant over the entire temperature interval investigated apart from changes in the solid phases of SiO 2 and CaSiO 3 . The composition of the inner layer is more complex with regard to temperature. Potassium silicate (K 2 Si 4 O 9 ) is present in solid form up to 750°C and completely melted above 775°C. Sodium is thermodynamically stable as solid Na 2 Ca 3 Si 6 O 16 in the range 600-1125°C, and as Na 2 CaSi 5 O 12 above 1125°C. The Ca compounds in the outer layer are also thermodynamically stable over the entire temperature interval investigated with the exception of changes in between the solid phases. The stable form of K 2 Si 4 O 9 follows the same pattern as observed for the inner layer.
3.4. Case C: bark pellets and solid recovered fuel Fig. 14 shows the cross section of a quartz particle covered with ash from the bottom bed sample collected during combustion of bark pellets and solid recovered fuel. The ash layer is composed of ash material, the density of which varies. Fig. 15 shows the elemental compositions in the line scan which starts in the epoxy resin and end in the core of the quartz particle. There are differences in the composition and an inner and outer layer can be identified. A significant amount of Na was found along with K in the part of the ash layer, R1(6)-R1 (13) , that is richest in alkali metals (5-6% K and 2-3% Na). Fig. 16 shows the results from the modelled equilibrium composition. The inner ash layer is composed of quartz, CaSiO 3 
Composition of agglomerates
EDX mapping results are seen in Fig. 17 of the cross-section of the agglomerated bed material seen in Fig. 6B and taken from the particle distributor of the boiler, number 9 in Fig. 3 . The EDX mapping results show that the phase binding the particles together is in fact a potassium silicate melt. An interesting detail seen here is that calcium occurs in spots and more or less separate from potassium in the bridging phase between sand particles. This does not resemble what was found for the non-sintered bed material samples where Ca was found to be present in an exterior, continuous phase covering the sand particles and their potassium silicate surface layer. The occurrence of Ca in crystals and not in a continuous phase was verified by further SEM investigations. This data also verified that the Ca-rich crystals were surrounded by K-rich silicate melt. Fig. 18 shows an enlargement of the agglomerated bed material in Fig. 17 , (the bottom left part of Fig. 17) . The different shades of grey show that the ash composition varies along the line scan and Fig. 19 shows the element concentrations. The ''glue'' phase with the lightest colour is clearly richer in K than the other parts of the agglomerate. The concentrations of Ca, Mg and P along this line show that the dark particle is probably an ash particle that has been glued to the sticky sand particles and thus incorporated in the agglomerate.
The results of the thermodynamic equilibrium calculations regarding this case is showed in Fig. 20 and revealed that, in spots containing K, K forms liquid K 2 Si 4 O 9 with one exception, i.e. LS1(7). Apart from liquid K 2 Si 4 O 9 , K forms KAlSi 2 O 6 (LS1(4) and LS1 (5)). The presence of Al is a prerequisite. These results are consistent with previous observations presented in this paper. The spots LS1(4)-LS1(7) containing the elements Mg, Ca, P, Al and Fe is a fuel ash particle trapped and glued together in between two quartz ash particles covered with K 2 Si 4 O 9 in liquid form. LS1(3) and LS1(8) Fig. 18 . Bed particle with ash layer of agglomerated bed material seen in Fig. 6B and taken from the particle distributor of the boiler. LS1(1)-LS1(10) is a 10 spots line scan and element composition is shown in Fig. 19 . show some similarities in the predicted composition as regards to SiO 2 , Na 2 Mg 2 Si 6 O 15 , Na 2 Ca 3 Si6O 16 , K 2 Si 4 O 9 , CaMgSi 2 O 6 . These two spots are located on either side of the fuel ash particle.
Discussion and Conclusions
Based on the results from test cases A, B and C and the agglomerates collected, the following conclusions can be made:
The dominant reaction paths in the ash layers formed on silica sand bed material involve the formation of potassium and calcium silicates. The characteristic dual ash layer previously reported in the literature [25, 26, 34, 44, 46] is confirmed. This dual ash layer consists of an inner layer rich in potassium that is potassium silicate and an outer layer rich in calcium where calcium silicate is dominant. A scanning electron microscope equipped with an energy dispersive X-ray spectrometer (SEM-EDX) is a powerful tool in analysing bed materials with ash layers and agglomerates from fluidised beds using biomass for the thermal conversion into heat, electricity and fuels for the transportation sector. The results using a SEM equipped with an EDX spectrometer can be used as input for thermodynamic equilibrium modelling. The results using thermodynamic equilibrium modelling show two important findings: (a) The formation of the inner ash layer and potassium silicate in the form of K 2 SiO 9 in liquid form. This liquid form of K 2 SiO 9 which is also expressed as K 2 OÁ4SiO 2 in Fig. 2 probably leads to a sticky coating of the quartz sand particles which induce agglomeration if this inner ash layer is not covered by non-sticky ash particles consisting of calcium silicate. (b) The formation of the outer ash layer of calcium silicate (CaSiO 3 ) in solid form. This solid form of CaSiO 3 is crucial for preventing the development of agglomerates. Lack of a proper layer of calcium silicate, see Fig. 17 , was seen in the case of full development of agglomerates found in the particle seal of the boiler.
The build-up of a protective ash layer of calcium silicate can be promoted by either co-combustion of a calcium-rich fuel such as lignite (brown coal), some peat qualities or bark such as in test case C. Limestone can also be added to the combustion chamber of a fluidized bed as in the case when rapeseed cake pellets were co-fired with wood in the Chalmers boiler [38] . Test case A using straw pellets with wood only as base fuel in resulted in too low calcium loading to the boiler and after 96 h of operation severe agglomerates were found in the particle distributor of the boiler, agglomerates illustrated by Fig. 6 . Using the phase diagram of the K 2 O-CaO-SiO 2 ( Fig. 2) as input in the available databases (FTsalt, FToxid, and FACT53, [15] ), thermodynamic equilibrium modelling can foresee operating problems related to agglomeration of the bed material in fluidized bed boilers when quartz sand is used. This is true despite the limitations in the predictions of melting temperatures and phase equilibria for the main subsystem in biomass ashes that represents the ternary phase diagram K 2 OCaO-SiO 2 [15] . According to [41] the limitations are the lack of optimization of the phase diagram and that is due to the use of inconsistent data from literature to determine the main parameters in the modelling of the phase diagram by for example the FactSage program. These limitations give a large deviation in the predicted liquidus temperatures compared to the measured ones, 200-400°C, [41] . In the present paper, it is the liquid form of K 2 Si 4 O 9 that is the basis for the understanding of the sticky nature of the bed particles. Liquid K 2 Si 4 O 9 that is K 2 OÁ4SiO 2 in the high SiO 2 corner of the phase diagram of the ternary system K 2 O-CaOSiO 2 (Fig. 2) is thermodynamically stable already at a temperature of 750°C. This prediction is correct in comparison to what can be found in Fig. 2 for K 2 OÁ4SiO 2 . This means that focus should be on the phenomenon that woody biomass ash containing alkali in the form of potassium with insufficient calcium present in combination with the use of quartz sand as bed material can result in the formation of sticky particle coatings at the operating temperatures for fluidized bed reactors used for the thermochemical conversion of biomass.
Advanced thermodynamic equilibrium calculations using SEM-EDX analysis of the coatings of bed material particles is a powerful tool to explain the negative outcome when the boiler has shut down. It is not an on-line method that can be used during the operation of the boiler for supporting bed generation or the addition of limestone or kaolin. Thus other methods are needed in order to prevent agglomeration in full-scale fluidized bed boilers such as the supervision of the particle distributor by a video camera or the measurement of pressure fluctuations in the boiler and/or particle distributor [22, 29] .
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